Objective·. To evaluate the relationship between chronic glucocorticoid (GC) exposure and bone mineral density (BMD) in children with rheumatic diseases and inflammatory bowel disease. 
INTRODUCTION
Glucocorticoid (GC) excess resulting from endogenous or exogenous sources is a recognized risk factor for bone loss and fragility fractures. Supraphysiological GC concentrations can adversely affect bone through multiple pathways, including reduced osteoblast function, enhanced bone resorption, and inhibition of sex steroid production. Many of the direct effects of GC on bone are mediated through changes in the RANK/osteoprotegerin pathways 1 . The majority of adults exposed to systemic GC will experience measurable bone loss 2 , and 30-50% will fracture 3 . Since fractures occur more commonly than predicted by bone density measurements alone, GC exposure may adversely affect bone quality or micro-architecture independent of bone mass 4 " 6 . Evidence linking GC exposure to osteoporosis in adults has led to the development of practice guidelines for the treatment and prevention of osteoporosis 7 ' 8 . Adult patients requiring GC therapy are advised to take supplemental vitamin D and calcium, and bisphosphonates are recommended if chronic treatment beyond 6 months is anticipated. Far less is known about the effects of chronic GC exposure on the growing skeleton. Numerous publications describe the association between GC therapy and poor linear growth and low bone mineral density (BMD) 9 " 16 , and a large study in the UK has demonstrated a significant association between GC exposure and low impact fractures in children 6 . It is frequently difficult to distinguish the contribution of GC from other factors, such as undernutrition, inflammation and reduced mobility in patients with reduced bone mass, and few reports comment on the effect of the GC exposure on BMD. However, there has been sufficient evidence linking GC therapy to reduced bone health in younger patients to generate interest in prevention and treatment of bone fragility. Increasingly, practitioners are prescribing bisphosphonates for children receiving GC therapy, despite a paucity of safety and efficacy data, and the absence of standardized guidelines for children.
The aim of this study was to examine the relationship between chronic GC therapy and bone mass in children and adolescents with rheumatological disorders or inflammatory bowel disease. A secondary aim was to examine the contribution of host, disease and other treatment-related factors to bone mass in this population. Data were derived from the screening visit of an intervention study for reduced bone mass in GC-treated pediatric patients.
METHODS

Study design and patients
All patients were enrolled during the screening phase of a treatment trial for reduced BMD at a Glaser Pediatric Research Network Site between 2002 and 2004. Potential patients were identified by clinicians in the rheumatology and gastroenterology clinics. Informed consent/assent was obtained according to local institutional review board requirements. Patients with ulcerative colitis (UC), Crohn's disease (CD), systemic-onset juvenile rheumatoid arthritis (sJRA), juvenile dermatomyositis (JDM), systemic lupus erythematosus (SLE), mixed connective tissue disease (MCTD) or vasculitis were eligible for screening if they were between 8 and 22 years, had received at least 6 months of GC therapy, were not taking medications known to alter bone density (calcium and vitamin D supplementation were permitted), and did not meet any of the following exclusion criteria: significant upper gastrointestinal disease; hyperthyroidism; hyperparathyroidism; malignancy; rickets; osteomalacia; planned or current pregnancy; breastfeeding; nonambulation; renal dysfunction; hepatic insufficiency; uncorrected hypocalcemia; or weight greater >136 kg. Patients with a spine BMD z-score < -1.5 and 25-hydroxyvitamin D [25(OH)D] concentration >20 ng/ml were eligible for the treatment phase.
Densitometry
Posteroanterior (PA) lumbar spine (L1-L4) BMD (g/cm 2 ) was determined by DXA (Hologic 4500 scanners at all four sites) using the fast array scan mode. Standard phantoms were circulated between sites for cross-calibration. All scans were analyzed at UCSF using Hologic Delphi Manual Low-Density spine software; average L1-L4 was converted using standard calibration factors 17 prior to generation of z-scores. Z-scores were calculated using the chronological age, for comparison to ageand gender-specific reference curves (Hologic Pediatric Research Reference Database [adapted from Faulkner reference data 18 ]). Ethnicity was controlled for in the analysis. Longitudinal quality control scans were obtained on each day that patients were scanned, with a minimum of three times per week, utilizing cross-calibration and longitudinal site-specific Hologic spine phantoms. An air scan was performed once a week to evaluate table-top uniformity. The in vitro precision was 0.5%.
Clinical evaluation
A physical examination was performed by the site investigator. Ethnicity, medical, and family histories were obtained by interview. GC exposure was determined by medical record review. Oral and parenteral GC formulations were converted to prednisone equivalents using standard conversion factors 19 . Current GC exposure was calculated as mg/kg/d and prior year and lifetime exposures were calculated as cumulative dose (mg/kg) and average daily dose (mg/kg/d). Weight and height were measured in triplicate utilizing a digital scale to the nearest 0.1 kg, and a wall-mounted stadiometer to the nearest 0.1 cm, respectively. Skeletal delay was assessed by comparing chronological age with bone age from non-dominant hand radiographs. The subset of 26 patients who were eligible for the treatment phase of the trial underwent dietary assessment for calcium and vitamin D utilizing a validated food frequency questionnaire .
Laboratory measures
Ionized calcium determinations were performed in local CLIA-certified labs and other assays were completed at a centralized, commercial reference laboratory. Intact parathyroid hormone (PTH) concentration was determined by immunochemiluminometry and 25(OH)D concentration by competitive protein binding radioassay (Esoterix, Calabasas Hills, CA).
Statistical analysis
Associations between clinical variables and spine BMD z-score and 25(OH)D concentration were evaluated by ANOVA for categorical variables and Spearman rank correlation coefficient for continuous variables due to skewness. Pearson correlation coefficients were calculated when bivariate normality assumptions were satisfied. Multivariable linear regression models were constructed to identify predictors of BMD z-score and serum 25(OH)D concentration. Explanatory variables were considered for inclusion in the multivariable model if the p-value was <0.1 in the univariate analysis, or if the variables were important confounders. Backward stepwise methods were utilized to determine the final models. For all analyses, ρ = 0.05 (2-tailed) tests were considered significant. Statistical analyses were performed utilizing STATA 8.
RESULTS
Clinical characteristics
The 86 patients (29 male, 57 female) ranged in age from 8-20 years (13.8 ± 3.4 years, mean ± SD) and were ethnically diverse (Caucasian 37%, Hispanic 26%, Asian 15%, African American 10%, mixed 12%). Underlying inflammatory disorders included SLE (n = 25), JDM (n = 24), vasculitis (n = 11), sJRA (n = 10), CD (n = 9), UC (n = 5) and MCTD (n = 2). Age at diagnosis was 9.4 ± 4.0 years (range 0.2-17.6) and disease duration was 4.5 ± 2.9 years (range 0.6-14.0). For all analyses, patients with UC and CD were combined as inflammatory bowel disease (IBD), and patients with SLE and MCTD as SLE/MCTD. In general, patients were short, slightly overweight, and had delayed skeletal maturation (Table 1) .
All patients had a prior history of GC exposure; 70% were receiving GC therapy at the time of screening, and 89% had been exposed to GC during the prior year ( Table 2 ). The specific GC preparations were prednisone (n = 84), methylprednisolone (n = 31), dexamethasone (n = 4), and budesonide (n = 2). The nine patients without prior year GC exposure had been off GC therapy for 22.6 ± 6.4 months (range 12.9-28.7). Cumulative GC dose ranged from 0-2.5 g/kg during the year prior to screening. Many patients were receiving other immunomodulatory medications, including methotrexate (MTX) or arava (47%); biological agents (e.g. enbrel or remicade) (14%); cellcept (11%); cyclophosphamide (7%); imuran (7%); thalidomide (5%); azulfidine (5%); asacol (3%); and 6-mercaptopurine (3%). Sixteen patients (19%) had a prior history of one (n = 13) or two (n = 3) fractures. Twenty percent of patients reported osteoporosis in family members. 
Correlates of bone mass
PA spine BMD ranged from 0.421-1.020 g/cm 2 (0.667 ± 0.153). Spinal BMD z-scores ranged from -3.7 to 2.2 SD (-1.1 ± 1.2). Clinical characteristics were evaluated as potential independent correlates of BMD z-score (Table 3 ). In univariate analysis examining predictors of reduced BMD z-score, factors with ρ <0.1 included reduced height z-score (p = 0.0002), increased skeletal delay (p = 0.006), greater current GC dose (p = 0.07), greater prior year cumulative (p = 0.01) or average daily (p = 0.008) GC dose, history of exposure to cellcept (p = 0.09) or MTX/arava (p = 0.09), and underlying diagnosis (p = 0.10). Mean spinal BMD z-score was -1.5 ± 1.1 for SLIVMCTD, -1.3 ± 1.4 for IBD, -0.9 ± 1.0 for JDM, -0.8 ± 1.3 for vasculitis, and -0.5 ± 1.0 for sJRA ( Table 4) . As shown in Figure  1 , despite the overall significant association between GC exposure during the prior year and BMD z-score, there was marked variability in the individual response to steroid exposure. BMD z-score was marginally inversely correlated with 25(OH)D concentration by Pearson correlation (p = 0.08) but not by Spearman rank correlation (p = 0.16).
Patients with SLE/MCTD and vasculitis had slighter higher prior year GC exposure (p <0.001); however, both of these groups included a patient with unusually high exposure ( 
TABLE 4
Comparison of mean (SD) spine bone mineral density (BMD) z-scores and prior year average daily glucocorticoid (GC) exposure across the disease groups The model included 72 patients; two patients with very high prior year average daily glucocorticoid (GC) dose were excluded. These patients had prior year average daily GC dose and BMD z-scores of 5.7 mg/kg/d and -1.5 SD, and 15.4 mg/kg/d and -1.9 SD, respectively. The model adjusted R 2 was 0.29.
Geographic site, gender, ethnicity and skeletal delay were not significantly associated with spine BMD z-score in the multivariable model (p >0.05).
subsequently added the number of high dose 'pulse' methylpredisolone infusions to the model to explore the effect of different GC preparations; however, this measure was not significant and there was no change in the overall model fit. We assessed for interactions between GC exposure and ethnicity and underlying diagnosis, respectively; however, none was significant (p <0.05). Table 6 ). The multivariable model explained almost one-half of the variability of vitamin D concentrations (adjusted R 2 = 0.46). 
Vitamin D, calcium and PTH homeostasis
DISCUSSION
Among children with chronic inflammatory diseases and 6 months minimum lifetime exposure to GC therapy, we found highly variable deficits in bone mineral and a high prevalence of vitamin D insufficiency. Rates of reduced bone mass were substantially lower than expected for a population of patients who had been identified for inclusion in an osteoporosis clinical trial. Only 60% of patients expected to have reduced BMD were found to have BMD z-scores < -1.5 SD. These data suggest that in children, reduced BMD among individuals receiving chronic GC treatment may not be as common as expected.
Pediatric studies have previously reported variable associations between GC exposure and risk for reduced BMD. Some studies demonstrated a significant association between GC exposure and reduced BMD or fracture 6 ' 10 " 14 , and others did not 21 " 23 . Small sample sizes may have limited the ability to detect associations in some of these reports. Although our study found that each 1 mg/ kg/d increase in the prior year average daily GC dose was associated with a 0.78 reduction of zscore, the relationship was highly variable among patients. Furthermore, the final multivariable model that combined GC exposure, height z-score and 25(OH)D concentration explained only 29% of the variance in spinal BMD z-score. Similar multivariable models have been reported in pediatric patients with IBD 11 , suggesting that unmeasured factors, such as genetic determinants, disease, or other treatment-related variables may be important determinants of bone mass. We did not find a significant association for the common immunomodulatory drugs. However, considering our sample size, among other factors, it was not feasible to control for all potential variables.
The lack of association between BMD and lifetime GC exposure may reflect the potential for bone mineral recovery, as previously described in children in remission from Cushing's disease 24 . Alternatively, there could be inaccuracies in the lifetime GC exposure measurements. However, we observed a significant positive association between height z-score and both lifetime duration of GC exposure and total cumulative dose (mg/kg) (data not shown), supporting the accuracy of the lifetime cumulative steroid measurements. These observations suggest that there may be a different effect of GC exposure on height compared to BMD in children.
Vitamin D insufficiency is frequently observed in healthy American adolescents 25 ' 26 . In this sample of patients cared for in tertiary medical centers nearly 50% had vitamin D insufficiency. The geographic variability of 25(OH)D concentrations may reflect differences in latitude, with patients living at the highest latitude (Boston) demonstrating on average the lowest vitamin D levels. The compensatory increase in PTH observed in our patients may lead to increased bone resorption and reduced BMD. These findings suggest that patients receiving chronic GC therapy for inflammatory disorders should be systematically screened and supplemented with vitamin D to maximize vitamin D stores prior to considering more aggressive medications such as bisphosphonates.
Several limitations must be considered when interpreting our results. Spinal BMD z-scores were determined from areal BMD measurements by DXA without adjustment for body size or skeletal maturity, which can result in overestimation of an apparent deficit in bone mass. However, in the absence of consensus regarding the best method of adjusting for these variables, we chose to use the age-adjusted BMD z-score for this clinical trial, since this is the most commonly applied clinical measure in selecting patients for treatment, and to adjust for height z-score and skeletal delay in the final multivariable model. Another limitation is the heterogeneity of the population. Heterogeneity of underlying pathologies was reduced in the study design by limiting patients to those with inflammatory disorders, and univariate analysis did not reveal significant disease differences for BMD zscore. However, the population is also heterogeneous with respect to ethnicity, gender, age and GC exposure, all variables known to influence BMD measures. To address this limitation we chose to control for all of these variables in the final multivariable model, even if not significant in univariate analysis, and we observed a persistent significant, although variable association between GC exposure and BMD z-score. Of note, the current study sample was selected from a clinical trial which was not designed to yield an unbiased sample or to be of sufficient size to permit prevalence determinations. Thus, the observed associations are generalizable only to pediatric patients with similar inflammatory disorders and GC exposure. The authors acknowledge the controversy surrounding conversion of various GC preparations to prednisone-equivalents. We addressed this limitation by examining the significance of methylprednisolone in our final prediction model for BMD z-score and did not identify an independent effect for methylprednisolone. Samples sizes were too small to examine dexamethasone and budesonide in a similar fashion. Despite these limitations, we feel that the unexpected prevalence of vitamin D insufficiency and apparent absence of significant skeletal deficits among many children with substantial prior GC exposure is important information for clinicians caring for similar populations. Finally, we recognize that bone mass is only one factor in determining bone strength and that GCs appear to increase bone fragility independent of BMD 4 .
The observation that only 60% of patients had a BMD z-score < -1.5 suggests a need to re-examine our assumptions about the prevalence and severity of low bone mass in the setting of chronic disease and GC therapy. Of the 86 children evaluated, only 24% were eligible for the treatment phase of this trial. Fifty-two (40%) of at-risk patients had BMD z-scores too high for randomization (inclusion criteria required BMD z-score < -1.5), and 38 (45%) were excluded for vitamin D insufficiency (25(OH)D concentration <20 ng/ml). Our findings suggest that even if GC exposure contributes to reduced BMD in some patients, there is considerable variability in skeletal response, beyond that attributed to background ethnicity and underlying disease. This observation, combined with the weak prediction model utilizing accepted clinical predictors, suggests that risk assessment is difficult in this population.
Our experience screening pediatric patients with prior GC exposure for inclusion in a clinical trial provides valuable lessons for clinicians and investigators. We have demonstrated that the association between chronic GC exposure in the prior year and reduced BMD, although significant, is too variable to serve as an independent marker for children at risk for reduced BMD. Our experience also suggests that vitamin D insufficiency is a common problem in this patient population that may be overlooked even in chronically ill children receiving care in tertiary pediatric centers.. These data suggest that risk assessment for reduced BMD in children is complex and poorly understood. Therefore, in this era of increasing attention to childhood bone health and rising use of bisposphonates, we recommend that further studies be conducted to define the appropriate therapeutic indications for bisphosphonates and other aggressive osteoporosis therapies in children.
